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Streptomyces
griseus leucine aminopeptidase (SGAP), which has two zinc atoms in its active site, is clinically important as a model for understanding the structure and mechanism of action of other metallopeptidases.
SGAP is a calcium-activated and calcium-stabilized enzyme, and its activation by calcium correlates with substrate specificity. In our previous study, we found a non-calcium-modulated leucine aminopeptidase secreted by Streptomyces septatus (SSAP), the primary structure of which showed 71% identity with SGAP. In this study, we constructed chimeras of SGAP and SSAP using an in vivo DNA shuffling system and several mutant enzymes by site-direct mutagenesis to identify the key residues in this modulation by calcium. We identified the key residues Asp173 and Asp174 of SGAP associated with both SGAP activation and stabilization by calcium. We also showed that the known calcium-binding site, which is composed of Asp3, Ile4, Asp262 and Asp266 of SGAP, only contributes to SGAP stabilization by calcium. Furthermore, we identified an important residue, Glu196, that functions in cooperation with Asp173, Asp174 and calcium to increase the catalytic activity of SGAP.
The activities of leucine aminopeptidases (LAPs) are associated with many biological functions such as protein maturation, protein degradation, hormone level regulation and cell cycle control, and LAPs play an important role in many pathological conditions (1) (2) (3) (4) . Understanding the catalytic mechanisms is important in light of the potential for designing new inhibitors acting as pharmaceuticals (5) . The three-dimensional structures of several LAPs produced by bacteria and humans have been determined by X-ray crystallography (6) (7) (8) (9) (10) to determine their catalytic mechanism.
Streptomyces griseus LAP (SGAP) and A. proteolytica LAP belong to the M28 family, which includes bacterial and human enzymes that have two zinc atoms in their active site. Both enzymes are clinically important as a model for understanding the structure and mechanism of action of other peptidases belonging to family M28, among them peptidases.
These LAPs share sequence similarities (~30%) and an overall structural similarity, particularly the double-zinc coordinated active center (8, 9, 11) . The roles of the two zinc atoms and residues that compose the active center have been extensively studied using inhibitors or by site-direct mutagenesis (10, (12) (13) (14) (15) (16) (17) (18) . However, these enzymes are not identical; the properties of these enzymes differ in terms of the effect of calcium on them. SGAP is characterized as a calcium-activated enzyme (19) (20) (21) (22) (23) , whereas A. proteolytica LAP is not. The thermal stability of SGAP is also modulated by calcium; this enzyme has a higher thermal stability in the presence than in the absence of calcium.
In previous studies, calcium was found to interact with the residues Asp3, Ile4, Asp262 and Asp 266 of SGAP (9, 12) . Although it is considered that these residues are involved in activation by calcium, the calcium-binding site is far from the active site, and the removal of calcium from this known calcium-binding site hardly affects the entire SGAP structure (9) . Consequently, we hypothesized that the known calcium-binding site of SGAP is not associated with the activation, but contributes to another function. Furthermore, we found that the SGAP hydrolytic activity toward a Lys derivative decreases in the presence of calcium (24) .
This indicates that activation by calcium correlates with substrate specificity. Thus, we consider that the elucidation of its modulatory mechanisms may give important information on the catalytic mechanisms in terms of substrate recognition.
Recently, we have identified an LAP secreted by Streptomyces septatus TH-2 (SSAP). Although the primary structure of SSAP shows a high similarity to that of SGAP, the activity and stability of SSAP are not affected by calcium (24) . Thus, SSAP is considered to be a useful enzyme distinct from SGAP for investigating the modulatory mechanisms of SGAP by calcium. In this study, we cloned and expressed the gene encoding SGAP. Next, we prepared several chimeras of SSAP and SGAP using the repeat-length-independent and broad spectrum (RIBS) in vivo DNA shuffling system (25) . By analyzing the chimeras, we identified the key residues involved in the activation by calcium. Lastly, we prepared several mutant enzymes by site-direct mutagenesis to study the functions of key residues involved in activation and stabilization by calcium.
EXPERIMENTAL PROCEDURE
Bacterial Strains and Plasmids-Plasmid pGEM-T Easy (Promega) was used as the cloning vector. Plasmid pET-KmS2 (26) was used as the expression vector. Plasmid pACTIS4b (25) was used as the random chimeragenesis vector.
Escherichia coli JM109 (27) was used as the host strain for general cloning procedures. E. coli BL21 (DE3) was used as the host strain for gene expression. E. coli MK1019 (ssb-3 rpsL (Sm r )) (25) was used for random chimeragenesis using the RIBS in vivo DNA shuffling system.
Enzyme Assay-For routine assays, LAP activity was determined by continuous spectrophotometric assay using Leu p-nitroanilide (pNA) (Sigma Chemicals) as a substrate. In the assay, 0.1 ml of 32 mM Leu pNA was added to 0.9 ml of a mixture containing 100 mM Tris-HCl (pH 8.0) and the enzyme at 37°C. The increase in absorbance at 405 nm due to the release of p-nitroaniline was monitored using a U2800 spectrophotometer (Hitachi). The initial rate of hydrolytic activity was determined from the linear portion of the optical density profile ( 405nm = 10600 M -1 cm -1 (28) Using two degenerate primers, which were designed from the N-terminus and internal sequences of SSAP (24) , a partial fragment of the Sgap gene was amplified by PCR from the genomic DNA of S. griseus NBRC12875. The PCR product was cloned into the pGEM-T Easy vector and sequenced. A digoxigenin (DIG) -labeled probe was synthesized using the cloned PCR product and a PCR DIG probe synthesis kit (Roche Molecular Biochemicals). This probe was hybridized to 1-kb fragments of genomic DNA digested with SacII or KpnI. Next, these DNA fragments were separated by agarose electrophoresis and then self-ligated. The ligation products were amplified using primer sets designed from the partial DNA fragment of the Sgap gene (the primers used were 5'-CTGGAGCGTGGTGGTGTATCC-3' and 5'-ATCAACGACAACGGCTCCGGC-3' for the amplification of SacII fragments, and 5'-CGTCGAGAGCTGCGTGAGGTG-3' and 5'-ATGGCCGGGGCCCACCTCGAC-3' for the amplification of KpnI fragments). The PCR products were cloned and sequenced. Although we could not obtain the entire Sgap gene including the C-terminal prosequence, the obtained sequence encoded the mature Sgap gene. The sequence has been assigned the accession number AB125217 in the DDBJ database.
Production of Recombinant SGAP and SSAP-The 5' portions of both Sgap and Ssap genes encoded a signal sequence, and the 3` portion of the Sgap gene encoded the C-terminal prosequence. To produce mature enzymes fused with the His6-tag sequence (r-SGAP:His and r-SSAP:His) using E. coli, we constructed two expression plasmids. Each of the genes that lacked the signal sequence and the C-terminal propeptide region was cloned into the NcoI-BamHI sites of pET-KmS2. Both genes were fused to the pelB signal sequence at the 5'-end (NcoI site) and the His6-tag sequence at the 3'-end (BamHI site) (yielding pET-SGAP:His for Sgap gene expression and pET-SSAP:His for Ssap gene expression).
The E. coli BL21 DE3 strain harboring the expression plasmid was cultivated at 30°C for 12 h in 3 ml of LB medium containing 50 g/ml kanamycin. Cells were inoculated into 100 ml of synthetic medium (26) , and then cultivated at 22°C for 12 h. Isopropyl--thiogalactopyranoside was then added at a final concentration of 0.5 mM, and cultivation was continued for another 24 h under the same conditions. The culture was centrifuged to remove cells and brought to 80% saturation with ammonium sulfate. The resultant precipitate was dissolved in 10 mM Tris-HCl containing 1 mM CaCl 2 (pH 8.0). Then, it was heated at 65°C for 30 min with occasional stirring. After centrifugation to remove the precipitate, the solution was dialyzed against 20 mM potassium phosphate buffer (pH 7.0). Because both aminopeptidases cannot bind to hydroxyapatite, the dialyzed solution was passed through hydroxyapatite (Bio-Rad) equilibrated with the same buffer to remove proteins that can bind to hydroxyapatite. The passed fractions were pooled and dialyzed against 10 mM Tris-HCl (pH 8.0). The dialysate was then loaded onto a Vivapure-Q spin-column (Millipore) equilibrated with 10 mM Tris-HCl (pH 8.0). The bound protein was eluted with 0.2 M NaCl in 10 mM Tris-HCl (pH 8.0). The eluate was pooled and dialyzed against 10 mM Tris-HCl. The dialysate was used as the purified enzyme preparation.
Preparation of Chimeric Enzymes-The preparation of chimeric enzymes was carried out using the RIBS in vivo DNA shuffling system, which is an improved method of chimeragenesis based on highly frequent deletion formation using the E. coli ssb-3 strain (29).
The parental LAP genes, gentamicin resistance gene (Gm r ) and E. coli rpsL + gene (streptomycin sensitive (Sm s )) (30) were tandemly cloned into the NcoI-BamHI sites of pACTIS4b (the rank order of these genes was Sgap -Gm r -E. coli rpsL + -Ssap) (yielding pACTIS4b (SGAP/Gm r -rpsL/SSAP)). E. coli MK1019 (ssb-3 rpsL (Sm r )) harboring pACTIS4b (SGAP/Gm r -rpsL/SSAP) was obtained as described by Mori et al. (25) . Fifty transformants were cultured overnight in LB medium containing 50 g/ml chloramphenicol (Cm), and 10 l of each culture was spread and cultivated on LB plates containing 50 g/ml Cm and 50 g/ml Sm. Because the E. coli rpsL + gene in pACTIS4b (SGAP/Gm r -rpsL/SSAP) was deleted by chimera formation between Sgap and Ssap genes, the colonies that grew on LB (Sm) plates harbored the plasmid containing the chimeric gene.
Plasmids containing the chimeric LAP (c-AP) gene were isolated from 100 colonies. The recombination site of each c-AP gene was identified by restricted digestion and sequencing; we obtained 15 clones that had different c-AP genes. c-APs were produced by the E. coli BL21 DE3 strain harboring each plasmid.
Sandwich chimeric LAP (sc-AP) genes were obtained by introducing the restriction site into the c-AP genes by PCR and by restriction digestion and ligation. The sc-AP genes obtained were cloned into the NcoI-BamHI sites of pET-KmS2. sc-APs were produced by the E. coli BL21 DE3 strain harboring an expression vector for the sc-AP gene. The conditions for the cultivation and purification of chimeras were the same as those for wild-type enzyme production. The chromatographic behavior and stability in storage of chimeras were similar to those of the wild-type enzymes.
Preparation of Mutant Enzymes-The mutant genes were generated by PCR using pET-SSAP:His or pET-SGAP:His as a template. The PCR products of mutant genes were subcloned into the pGEM-T Easy vector, confirmed by sequencing, and then subcloned into pET-KmS2. The conditions for the cultivation and purification of mutant enzymes were the same as those for wild-type enzyme production. The chromatographic behavior and stability of the mutants during storage were similar to those of the wild-type enzymes.
Biochemical Studies-The effect of calcium on the activities of the enzymes was examined at 37°C in 80 mM Tris-HCl (pH 8.0) in the presence or absence of 1 mM CaCl 2 . The effect of calcium on thermal stability was examined by incubating 100 l of an enzyme sample (5 g/ml protein) in 10 mM Tris-HCl (pH 8.0) in the presence or absence of 1 mM CaCl 2 for 30 min between 50°C and 85°C. After cooling on ice, residual activity was measured under standard assay conditions. T m was estimated from the temperature at which one-half of the activity remained between 50 and 85°C. The activities of the enzymes at different calcium concentrations were determined between 0 and 1.6 mM CaCl 2 in 100 mM Tris-HCl (pH 8.0).
The relationship between calcium concentration and the thermal stability of the enzymes was investigated by incubating 100 l of an enzyme sample (5 g/ml protein) in the presence of calcium at different concentrations (0-1.6 mM CaCl 2 ) in 10 mM Tris-HCl (pH 8.0) for 30 min. Incubation temperature was selected on the basis of the thermal stability test, that is, the temperature that provides the maximal difference in activity between the cases with and without calcium. Residual activity was measured under standard assay conditions.
The relationship between temperature and the secondary structure in the presence or absence of calcium was analyzed by monitoring circular dichroism (CD) spectra and ellipticity at 222 nm, which was used as the index of -helix content, after incubating between 60°C and 85°C. Each enzyme (20 g/ml protein) was incubated in 10 mM Tris-HCl (pH 8.0) in the presence or absence of 1 mM CaCl 2 for 30 min. CD spectra were recorded in 1-cm-path-length cuvettes using a Jasco J-720WI spectrometer.
(M -1 ·cm -1 ) was calculated from the observed instrument output ( , in millidegrees), protein concentration (c, in molarity), and the number of peptide bonds (n) using the equation = /3300cn (31).
Assay of LAP Activity toward Natural Peptide-We selected Leu-Phe, Leu-Ser (Bachem AG) and a tryptic peptide of bovine serum albumin (BSA) as a natural peptide substrate. The tryptic peptide of BSA was prepared by treating 5 ml of 60 mg/ml BSA with 0.5 ml of 1 mg/ml TPCK-treated trypsin for 24 h at 37°C. Trypsin digestion was stopped by adding 0.5 ml of 10 mM phenylmethanesulfonyl fluoride (Wako).
Activities toward peptides were determined under the conditions described by Arima et al. (32) . A 0.1-ml aliquot of a substrate solution (50 mg/ml tryptic peptide of BSA or 50 mM Leu-Phe) was added to 0.4 ml of a mixture containing 100 mM Tris-HCl (pH 8.0) and the enzyme (1.25 g/ml). The reaction mixture was incubated at 37°C for an appropriate time, and then the reaction was stopped by heat treatment (95°C for 30 min). The free amino acids produced by the hydrolysis of peptides using LAPs were detected by the 4-aminoantipyrine phenol method (33) coupled with the reaction of L-amino acid oxidase. After centrifugation for 5 min, 0.1 ml of the supernatant was added to 0.9 ml of a mixture containing 100 mM Tris-HCl (pH 8.0) 0.5 mM 4-aminoantipyrine, 1.7 mM phenol, 5 U/ml horseradish peroxidase (Sigma Chemicals), and 0.1 U/ml snake venom L-amino acid oxidase (Sigma Chemicals) (34). After incubation for 30 min at 37°C, the absorbance of the solution was determined at 505 nm.
Calcium Binding Capacity-For the investigation of calcium binding capacity, we referred to the characterization of lithostathine using equilibrium dialysis by Lee et al. (35) . Equilibrium dialysis was carried out using EasySep (Tomy) with a dialysis membrane of 10000 cut-off. A 50 l aliquot of each enzyme solution (20-150 M) was dialyzed against 200 ml of 10 mM Tris-HCl (pH 8.0) containing 0.01-1 mM CaCl 2 and 10 kBq/ml of 45 CaCl 2 (Amersham Bioscience). Dialysis was carried out for 5 days at 4°C, and the radioactivities of the dialysate and external solution were measured with an ALOKA Liquid Scintillation counter, model LSC6100. The data of bound calcium/mol of enzyme were determined from the difference between the calcium concentration of the dialysate and that of the external solution calculated from the radioactivities.
To estimate the dissociation constants (K d ), the data of bound and unbound calcium/mol of enzyme were plotted using equation 
RESULTS

Cloning of Sgap gene and Production of
His-Tag Fused Recombinant SGAP and SSAP-Using the methods and conditions described in the Experimental Procedure, the gene encoding SGAP was isolated from the genomic DNA of S. griseus NBRC12875. Our cloned Sgap gene, which included mature SGAP, was not complete in the 3'-end, indicating that SGAP possesses a prosequence in the C-terminus. A database search of the obtained partial sequence of the C-terminal propeptide revealed its similarity to that of metalloendopeptidase from S. griseus, the function of which remains unknown (37). From the deduced amino acid sequence, there were two residues differing from the known sequence of SGAP (11) (indicated by a black arrow in Fig. 1C, Asn70 Asp and Asn184 Asp). This finding is in agreement with a previous report by Fundoiano-Hershcovitz et al. (18) .
The recombinant SGAP (r-SGAP:His) and SSAP (r-SSAP:His) were secreted at approximately 30% of the total extracellular protein (data not shown). Although both enzymes had the His6-tag sequence, they could not be purified by nickel-chelate chromatography. Thus, they were purified by heat treatment (65°C for 30 min) in the presence of 1 mM CaCl 2 and several other methods as described in the Experimental Procedure. The kinetic properties of purified r-SGAP:His and r-SSAP:His were almost the same as those of commercially available SGAP and recombinant SSAP, which does not have the His6-tag sequence, respectively (data not shown).
Identification of Region Associated with Activation by Calcium-To identify the region associated with activation by calcium, we first constructed chimeric LAP (c-AP) as shown in Figs. 1A and 1B.
As a result of chimeragenesis using E. coli MK1019 (ssb-3 rpsL (Sm r )) (25), we obtained 15 c-AP genes. The distribution of amino-acid-based chimera-forming sites is shown in Fig. 1C (chimera13-AP (c13-AP) ~ c261-AP, the numbers of these chimeras indicate the amino-acid-based recombination positions). Next, we analyzed the effect of calcium on the hydrolytic activities of parental LAPs and 15 c-APs.
The chimeras from c208-AP to c261-AP were found to be activated more than threefold by calcium, and other chimeras (c13-AP ~ c172-AP) were not activated at all ( Fig. 2A) . From this result, we predicted that, in SGAP, the amino acid residues from 173 to 208 are associated with activation by calcium.
To confirm amino acid residue(s) associated with activation by calcium, we constructed two sandwich chimeras and examined their activation by calcium. As a result, sc-AP1, in which the 173-208 region of SGAP was substituted with the corresponding region of SSAP, lost the property of activation by calcium. In contrast, SSAP was changed to a calcium-activated enzyme by the substitution of 175-210 amino acid residues with those of SGAP (Fig. 2B) . These results indicate that the activation of SGAP by calcium is associated with residues from 173 to 208.
Considering the interaction with a cationic ion, we found three consecutive Asp residues (Asp173 ~ Asp175) that were conserved among SGAP and two putative Streptomyces LAPs (Fig. 2C) .
However, SSAP has only one Asp residue (Asp177) in this position. There are several acidic amino acid residues in the corresponding 173-208 region of each LAP (underlined in Fig. 2C) ; however, there was no marked difference in acidic amino acid residues between SSAP and other LAPs, except that SSAP lacks two of the three Asp residues.
Consequently, we considered that these Asp residues are the key to activation by calcium.
Residues Associated with Activation by Calcium -Both Gly175 and Tyr176 of SSAP, which were the corresponding residues of Asp173 and Asp174 of SGAP, respectively, were replaced by Asp by site-directed mutagenesis.
The constructed mutant G175D/Y176D SSAP containing the 175-AspAspAsp-177 sequence was designated DDD-SSAP.
DDD-SSAP showed an increased hydrolytic activity toward Leu pNA in the presence of calcium (Fig. 3A and Table  I ). That is, in the presence of calcium, DDD-SSAP showed a fivefold lower K m and a 3.5-fold higher k cat than those in the absence of calcium.
This result indicates that the substitution of Gly175 and Tyr176 with Asp could alter SSAP to a calcium-activated enzyme. DDD-SSAP was also observed to have a slightly decreased hydrolytic activity toward Lys pNA following the addition of calcium (Table II) .
Furthermore, we constructed an SGAP mutant in which Asp173 and Asp174 were substituted with Gly and Tyr, respectively (designated, GYD-SGAP). Results showed that GYD-SGAP has almost the same catalytic activities in the presence and absence of calcium ( Fig. 3B and Table I ), indicating that GYD-SGAP lost its property of activation by calcium.
In our previous study, we showed that the degree of modulation by calcium in SGAP hydrolytic activity toward peptides is affected by penultimate residues of the substrates (32). That is, a high increase in activity following the addition of calcium is biased toward substrates with a penultimate residue bearing a small side chain. For example, the SGAP hydrolytic activity toward Leu-Ser is 14-fold higher in the presence of calcium than in its absence; however, that toward Leu-Phe is only 1.5-fold higher in the presence of calcium than in its absence. To confirm whether the effect of calcium on hydrolytic activity is changed by mutations regardless of the nature of the penultimate residue, we investigated the hydrolytic activities of DDD-SSAP, GYD-SGAP and their parental enzymes toward Leu-Phe, Leu-Ser and the tryptic peptide of BSA in the presence and absence of calcium. As shown in Fig. 4A , although r-SGAP:His showed an increase in activity following the addition of calcium, GYD-SGAP hydrolytic activities toward peptides were not affected by calcium. This result indicates that, with the mutation, SGAP loses its property of activation by calcium regardless of the structure of the substrate. In addition, DDD-SSAP showed a 2.5-fold increase in activity toward Leu-Phe, a 70-fold increase in activity toward Leu-Ser, and a 1.8-fold increase in activity toward the tryptic peptide of BSA in the presence of calcium (Fig.  4B) , indicating that the effect of calcium on activities toward peptides is similar to that of r-SGAP:His.
By observing the crystal structure of SGAP (12, 24, 38), we found one acidic amino acid residue, Glu196, that likely interacts with calcium existing among 173-AspAsp-174 (Fig.  5A) . This residue appears to be located on the border of the active site. Consequently, we tested the role of Glu196 in SGAP by constructing E196A SGAP. As shown in Tables I and II , the presence of calcium has no effect on the activity of E196A SGAP. In addition, E196A SGAP exhibited a 2.3-fold higher k cat toward Leu pNA (Table I ) and a 3.8-fold lower k cat toward Lys pNA (Table II) than those of the wild type in the absence of calcium, resulting in kinetic properties similar to those of wild-type SGAP in the presence of calcium. These results indicate that Glu196 of SGAP may cooperate with 173-AspAsp-174 in activation by calcium.
Residues Associated with Stabilization by Calcium-Because the thermal stability of SGAP is also modulated by calcium, we investigated the thermal stability of the wild-type and mutant enzymes. As shown in Figs. 6A and 6C, although DDD-SSAP had a lower thermal stability and a lower T m than those of r-SSAP:His in the absence of calcium, its thermal stability and T m increased following the addition of calcium. This result indicates that the 173-AspAsp-174 sequence is involved not only in activation by calcium but also in stabilization by calcium. In contrast, GYD-SGAP was stabilized following the addition of calcium. In the absence of calcium, the thermal stability and T m of GYD-SGAP were the same as those of the wild type. However, the calcium-induced increase in the stability of GYD-SGAP was less than that of wild type (Figs. 6B and 6C) . These results indicate that GYD-SGAP partially loses its property of stabilization by the mutation of 173-AspAsp-174, but it retains its property of stabilization by calcium, which seems to be due to the presence of other residues interacting with calcium. In the investigation using E196A SGAP, there is no effect of the substitution of Glu196 with Ala on thermal stability (Fig. 6B) . This result indicates that Glu196 may not be associated with stabilization by calcium. SGAP possesses a unique calcium-binding site, which is composed of Asp3, Ile4, Asp262, and Asp266 (indicated by "C" in Fig. 1) (9, 12) . However, this known calcium-binding site is far from 173-AspAsp-174 and Glu196 (~25Å, Fig. 5B ). To investigate the role of the known calcium-binding site in modulation by calcium, we constructed three mutant enzymes (D3A/D262G SGAP, D3A/D262G GYD-SGAP and A5D/G264D SSAP). In kinetic studies, D3A/D262G SGAP and A5D/G264D SSAP showed activities similar to that of their parental enzyme (Tables I and  II ), indicating that Asp3 and Asp262 are not involved in activation by calcium. As shown in Fig. 6A , A5D/G264D SSAP was stabilized slightly following the addition of calcium. In contrast, D3A/D262G SGAP showed a partial loss of its property of stabilization. Moreover, D3A/D262G GYD-SGAP, which lacked the known calcium-binding sites and 173-AspAsp-174, did not show an increased stability following the addition of calcium (Fig.  6 ). These results indicate that the known calcium-binding site contributes to stabilization by calcium, and that the stabilization of SGAP by calcium is regulated by two regions, the known calcium-binding site and the region of 173-AspAsp-174.
Characterization of Calcium Binding and Modulatory Properties-The calcium binding of wild-type and mutant SGAPs was quantified by equilibrium dialysis using 45 CaCl 2 . As shown in Table III , r-SGAP:His could bind approximately 1.7 mol of calcium/mol of enzyme. Compared with this result, a decrease of approximately 0.8~0.9 mol of bound calcium/mol of enzyme was observed in GYD-and D3A/D262G SGAPs.
Furthermore, D3A/D262G GYD-SGAP could hardly bind with calcium, demonstrating that wild-type SGAP has two calcium-binding sites: the known calcium binding site and the 173-AspAsp-174 region. Only E196A SGAP showed a result similar to that of r-SGAP:His. The data of calcium binding of GYD-and D3A/D262G SGAPs were plotted using the equation described in the Experimental Procedure (Fig. 7) to estimate dissociation constants (K d ) for both calcium-binding sites. Fig. 7 shows that the known calcium-binding site has a modest binding affinity (K d = 2.08 ± 0.14×10 -5 M), and a lower affinity than that of the known calcium-binding site was observed in the 173-AspAsp-174 region (K d = 2.49 ± 0.33×10 -4 M). To confirm whether calcium induces increases in stability and activity conforming to the affinity of both binding sites toward calcium, we investigated the dependence of activation and stabilization on calcium concentration using wild-type SGAP and its mutants.
We also performed the same experiments using DDD-and A5D/G264D SSAPs to study the affinity of the rebuilt sites of SSAP mutants.
As shown in Fig. 8A , the stabilization of GYD-SGAP occurred at a calcium concentration (3~100 M) lower than that of D3A/D262G SGAP (50~1000 M). This result is in accordance with the investigation of calcium binding by equilibrium dialysis. Similar results were obtained from the investigation using DDD-SSAP and A5D/G264D SSAP (Fig. 8B) . In addition, the calcium concentration range for the activation of r-SGAP:His and DDD-SSAP was similar to that for the stabilization derived from 173-AspAsp-174 (Fig. 8C) . The difference in affinity between both calcium-binding sites was also observed in this investigation using r-SGAP:His and E196A SGAP, that is, a two-step stabilization was observed in r-SGAP:His and E196A SGAP (Fig. 8A) Effects of Calcium on Secondary Structure-By CD measurements, we investigated the effect of calcium on secondary structural changes by heat treatment of the wild-type and mutant enzymes (Fig. 9) . There was no difference in the spectrum of non-calcium-modulated enzymes (r-SSAP:His and D3A/D262G GYD-SGAP) between the cases with and without calcium. Under the same conditions, a spectrum change was observed in the enzymes that possessed the property of modulation by calcium (r-SGAP:His and DDD-SSAP, Fig. 9 ). The behavior of relative ellipticity, which represents the content of the -helix, was similar to that of thermal inactivation, indicating that the change in the secondary structure is accompanied by the thermal inactivation of the enzymes. From these results, we considered that the presence of calcium stabilizes the secondary structure of calcium-modulated LAPs.
DISCUSSION
Using the RIBS in vivo DNA shuffling system and by site-direct mutagenesis, we found that Asp173 and Asp174 of SGAP are the key residues in activation by calcium, and that these Asp residues function as a novel calcium-binding site.
From the crystal structure, the direction of the side chain of Asp175 is opposite to those of Asp173 and Asp174, indicating that Asp175 does not contribute to activation by calcium (Fig. 5A) . The side chain of Asp174 was predicted to be fixed by the side chain of Lys209. The -carboxyl group of Asp173 was oriented outside of the enzyme molecule, resulting in its side chain being oriented opposite to that of Asp174. The side chain of Asp173 seemed to be highly flexible because of its position on the surface of the enzyme molecule. Consequently, we speculate that the introduction of calcium ions changes the location of the -carboxyl group of Asp173 toward the inside of the enzyme molecule by the formation of an ion bridge with 173-AspAsp-174.
As shown in Fig. 6A , the side chain of the substrate is oriented toward Asp173 and Asp174. The distance between Asp residues and the substrate is approximately 14 , and a carboxyl group of Glu196 exists halfway between the substrate and 173-AspAsp-174. In Lys pNA hydrolysis, we predict that an ion bridge between the substrate Lys and Glu196 is formed because the distance between the side chain of Glu196 and that of the substrate is estimated from the three-dimensional structure to be about 4-6 . This interaction is considered to be important in SGAP hydrolytic activity toward Lys pNA. Thus, the hydrolytic activity of SGAP toward Lys pNA decreases following the addition of calcium. We showed that, although E196A SGAP intrinsically had a high activity toward Leu pNA, this mutant showed a low activity toward Lys pNA (Tables I and II) . This result supports the above prediction, and we speculate that the environment of the active site of E196A SGAP resembles that of SGAP in the presence of calcium. Thus, it is considered that Glu196 has an important role in the electrostatic environmental change around the active site (Fig. 5A) .
On the basis of the above results and prediction, we propose a mechanism of the activation of SGAP by calcium. In the absence of calcium, the side chain of Asp173 is oriented toward the outside of the molecule, and that of Glu196 is oriented toward the side chain of the substrate (Fig. 10A) . Following the addition of calcium, the side chain of Asp173 becomes oriented toward the inside of the enzyme molecule, and that of Glu196 becomes oriented toward the calcium atom existing between the two Asp residues (Fig.  10B) . Due to the directional change of the side chain of Glu196, the change in the electrostatic environment or the change in steric hindrance occurs around the substrate binding site. In SSAP, Asp198 corresponds to Glu196 of SGAP. It is considered that Asp198 of DDD-SSAP has the same role as Glu196 of SGAP. As a reason for the change in activity following the addition of calcium, we consider that a subtle orientation shift of the bound substrate results from a change of the environment around the substrate binding site. This shift leads to a change in the distance between the substrate and the catalytic residues, Glu131 and Tyr246 of SGAP (18) , resulting in a change in catalytic activity.
In Leu pNA hydrolysis, the distances between the substrate and those catalytic residues are considered to be suitable to hydrolyze the substrate in the presence of calcium. In contrast, it is considered that the hydrolysis of Lys pNA by SGAP is inhibited by the presence of calcium because of the abrogation of ion bridge formation by the directional change of the side chain of Glu196.
We speculate that an ion bridge between the substrate Lys and Glu196 is also associated with the affinity of SGAP toward Lys pNA because K m for Lys pNA hydrolysis is increased by calcium or by the substitution of Glu196 with Ala (Table II) . Thus, Glu196 may also have an important role in substrate recognition.
Although there are several enzymes that are activated by calcium, the activities of most of those enzymes depend on calcium. Due to the addition of calcium, a conformational change in those enzyme molecules occurs and then their activities are induced. Unlike those of calcium-dependent enzymes, the activity of SGAP does not depend on calcium but is enhanced (~10-fold) by it. There may be few enzymes with other calcium-activated systems in which changes in activity similar to that for SGAP are observed. Thus, we cannot determine whether activation of SGAP parallels with the activation of other enzymes. Although activation of SGAP by calcium seems to be modest, the above-mentioned mechanism of SGAP activation provides information on the environment around the substrate binding site. We consider that this information is very important in understanding the substrate recognition of this class of enzymes of clinically.
From the characterization of calcium binding, we found a difference in affinity between the calcium-binding sites, that is, the region of 173-AspAsp-174 had an affinity lower than the known calcium-binding site. It is considered that this lower affinity is one of the reasons calcium was not detected around 173-AspAsp-174 in the crystal state of SGAP. The dependence of stabilization on calcium concentration shows that stabilization by calcium coincides with calcium binding, resulting in two-step stabilization being observed in r-SGAP:His owing to the difference in affinity between the calcium-binding sites.
Because E196A SGAP also showed two-step stabilization (Fig.  8A) , which was similar in pattern to that of r-SGAP:His, the mechanism of stabilization by calcium is considered to be different from that of activation by calcium.
That is, the activation is considered to be associated with Glu196; however, Glu196 is not essential for the interaction with calcium in terms of thermal stability.
Since the CD and fluorescence spectra of SGAP and mutant enzymes, which have the property of modulation by calcium, showed no discernible difference between the cases with and without calcium (data not shown), it is considered that the neutralization of the negative charges of each site by calcium resulted in the stabilization of the enzyme with a minimum perturbation of its tertiary structure. This was similarly observed in the study of O6-methylguanine-DNA methyltransferase, whose thermal stability is increased by calcium (39). Furthermore, the presence of calcium also altered the thermal stability of the secondary structure. From this result, we speculate that calcium may alter or enhance the network of electrostatic interactions around the two regions of the calcium-binding site in SGAP.
In the present study, we demonstrated that the modulation of SGAP by calcium is regulated by four residues (Asp3, Asp173, Asp174, and Asp262). We also identified an important residue of Glu196 that functions in cooperation with Asp173, Asp174 and calcium to increase the catalytic activity of SGAP. In addition, Glu196 may be associated not only with activation by calcium but also with substrate specificity.
That is, this residue may function in the recognition of the side chain of the N-terminal residue of the substrate. Recently, we have identified another residue of Streptomyces LAP, a Phe residue that corresponds to Phe219 of SGAP, that interacts with the side chain of the N-terminal residue of the substrate.
Furthermore, we have succeeded in altering Streptomyces LAP to phenylalanine aminopeptidase by the substitution of Phe with Ala (40). Thus, the interaction between the side chain of the N-terminal residue of the substrate and its recognition site(s) is being elucidated. However, our previous study showed that the hydrolytic activities of LAPs are affected by the nature of the penultimate residue or the length of the peptide substrate (32). In addition, the difference in the effect of calcium on the hydrolytic activity of SGAP among penultimate residues was also observed. The same phenomenon was observed in DDD-SSAP (Fig. 4) . Consequently, there must be a region in LAPs associated with the In the assay using the tryptic peptide of BSA, the y-axis shows the absorbance at 505 nm detected after carrying out the 4-aminoantipyrine phenol reaction, as described in Experimental Procedures. Fig. 9 . Analysis of thermal stabilities by CD measurements of wild-type and mutant enzymes. A, CD spectra of wild-type SSAP and DDD-SSAP in the presence and absence of calcium. The spectrum was measured at pH 8.0 after incubation at the indicated temperature for 30 min. B, Thermal stabilities of wild-type SSAP and DDD-SSAP monitored by CD measurements in the presence and absence of calcium. Ellipticity at 220 nm was recorded and relative ellipticity was normalized by the ellipticity at 60°C. C, CD spectra of wild-type SGAP and D3A/D262G GYD-SGAP in the presence and absence of calcium. D, Thermal stabilities of wild-type SGAP and D3A/D262G GYD-SGAP monitored by CD measurements in the presence and absence of calcium. 
